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Energy transductionCytochrome c oxidase is a multisubunit membrane-bound enzyme, which catalyzes oxidation of four
molecules of cytochrome c2+ and reduction of molecular oxygen to water. The electrons are taken from one
side of the membrane while the protons are taken from the other side. This topographical arrangement
results in a charge separation that is equivalent to moving one positive charge across the membrane for each
electron transferred to O2. In this reaction part of the free energy available from O2 reduction is conserved in
the form of an electrochemical proton gradient. In addition, part of the free energy is used to pump on
average one proton across the membrane per electron transferred to O2. Our understanding of the molecular
design of the machinery that couples O2 reduction to proton pumping in oxidases has greatly beneﬁted from
studies of so called “uncoupled” structural variants of the oxidases. In these uncoupled oxidases the catalytic
O2-reduction reaction may display the same rates as in the wild-type CytcO, yet the electron/proton transfer
to O2 is not linked to proton pumping. One striking feature of all uncoupled variants studied to date is that
the (apparent) pKa of a Glu residue, located deeply within a proton pathway, is either increased or decreased
(from 9.4 in the wild-type oxidase). The altered pKa presumably reﬂects changes in the local structural
environment of the residue and because the Glu residue is found near the catalytic site as well as near a
putative exit pathway for pumped protons these changes are presumably important for controlling the rates
and trajectories of the proton transfer. In this paper we summarize data obtained from studies of uncoupled
structural oxidase variants and present a hypothesis that in quantitative terms offers a link between
structural changes, modulation of the apparent pKa and uncoupling of proton pumping from O2 reduction.O with a two-electron reduced
rmed at the catalytic site upon
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ll rights reserved.© 2010 Elsevier B.V. All rights reserved.Cytochrome c oxidase (CytcO) is a membrane-bound multisubunit
protein complex (Fig. 1a), which catalyzes the one-electron oxidation
of four reduced cytochrome c (c2+) molecules and the four-electron
reduction of dioxygen:
4c2þ þ O2 þ 4Hþ→4c3þ þ 2H2O: ð1Þ
The electrons and protons are taken from the opposite sides of the
membrane such that, for each electron transferred to the catalytic site,
the reaction results in a charge separation across the membrane
equivalent to moving a positive charge from the negative (n) side to
the positive (p) side (Fig. 1a). In addition, the reaction is linked to
pumping of one proton per electron transferred to O2 across themembrane, which increases the charge separation yield to two
positive charges per electron [1]:
4c2þP þ 8HþN þ O2→4c3þP þ 4HþP þ 2H2O ð2Þ
where the subscripts N and P refer to the two sides of the membrane.
The main topic of this review–hypothesis paper is the mechanism
by which the CytcO couples electron transfer to proton pumping
where the discussion is centered around experimental results with
structural variants (referred to in the following discussion as
“mutants”) of CytcO in which the proton-pumping stoichiometry is
altered or in which the O2-reduction reaction is uncoupled from
proton pumping. A large fraction of these studies has been done with
the CytcO (cytochrome aa3) from Rhodobacter (R.) sphaeroides and
therefore in the following we discuss this enzyme in more detail
(accordingly, the amino-acid residue numbering refers to the
R. sphaeroides cytochrome aa3 oxidase).
The R. sphaeroides CytcO is composed of four subunits [2] (Fig. 1).
Subunit (SU) I consists of 12 transmembrane helices and it contains
three redox-active cofactors, heme a and the catalytic site, which
comprises heme a3 and CuB. SU II is composed of two transmembrane
helices and a relatively large globular domain outside the membrane,
Fig. 1. (a) The structure of cytochrome c oxidase from R. sphaeroides (PDB code 1M56). The four subunits of the enzyme are colored as indicated in the ﬁgure. Hemes a and a3 are
shown in red and the copper centers CuA and CuB in yellow. The red spheres are water molecules resolved in the structure. Residues Glu286, Asp132, Lys362, all in SU I, and Glu101 in
SU II, are shown in the ﬁgure (the subscript indicates the subunit number). The approximate position of themembrane is indicated by the solid lines, where the p- and n-sides are the
more positively and negatively charged sides of the membrane, respectively. The purple sphere is a non-redox-active Mg2+ ion found in the structure. The schematic picture to the
left shows the reaction in each step of the cycle (see Fig. 3) and the formula describes the reaction catalyzed by the CytcO, where the lower part signiﬁes proton pumping. (b) The D
and K proton pathways shown in more detail. Also the heme a3 propionates discussed in the text are indicated.
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ions. SU III, which consists of seven transmembrane helices, does not
hold any redox-active metal sites, but it is important for function as in
the absence of this subunit the enzyme undergoes suicide inactivation
[3,4]. SU IV is composed of only one transmembrane helix and its
function is unknown.
During CytcO turnover electrons are transferred one-by-one from
cytochrome c to CuA after which they are transferred consecutively to
heme a and the heme a3–CuB catalytic site (see the schematic picture
in Fig. 1a). Each such electron transfer is linked to proton uptake to the
catalytic site (substrate protons used in reaction (Eq. (1)) above) and
the uptake and release of protons that are pumped across the
membrane (see reaction (Eq. (2))) [5–8].1. Structural features relevant for proton transfer
In the R. sphaeroides CytcO two proton-transfer pathways have
been identiﬁed, based on functional studies and inspection of the X-
ray crystal structure [2,9–15] (Fig. 1b). These pathways are called D
and K, where the names refer to the highly conserved amino-acid
residues Asp132, found at the oriﬁce of the D pathway and Lys362,
found within the K pathway [16]. Pereira et al. [17] classiﬁed the
oxidase family based on the general sequence homology as well as the
existence and architecture of these pathways. A more detailed
analysis was recently performed by Hemp and Gennis [18] who did
a comparative genomic analysis and structural modeling to classify
the oxidase family focusing on the proton-pathway composition. They
1 Time constants are given as (rate constant)−1.
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pathways being almost identical to those found in the R. sphaeroides
cytochrome aa3 oxidase (R. sphaeroides is able to express also other
CytcOs, which do not belong to the A-class). Examples of other
members of the A-class CytcOs are the Paracoccus (P.) denitriﬁcans
cytochrome aa3 and the mitochondrial CytcOs. However, in the latter
case also a third pathway was identiﬁed (called H-pathway) and
proposed to be important for function. The structure and function of
the mitochondrial CytcOs is not discussed in this paper as they have
been analyzed and discussed carefully elsewhere [13,19–23].
The K pathway is used for uptake of 1–2 protons to the catalytic
site upon reduction of heme a3 and CuB, where this initial proton
uptake presumably occurs through electrostatic interactions between
the electron and proton [24,25]. The remaining 6–7 protons (see
Eq. (2) above), i.e. all four protons that are pumped during each
turnover, are transferred through the D pathway [16,26–37]. As
indicated above, the pathway “starts” at Asp132, which is located near
the oriﬁce at the n-side in SU I. Also a part of SU III is found at the n-
side surface of CytcO where it interacts with SU I near Asp132. Here a
number of protonatable residues in SU III surround Asp132 providing
a “proton-collecting antenna” [31,38–41]. The SU III structure may
also provide a unique environment for residue Asp132 such that its
pKa adopts a value that is optimized for proton transfer into the D
pathway [41]. From Asp132, the D pathway leads via ∼10 water
molecules in SU I, resolved in the structure, to the highly conserved
Glu286. The water molecules are hydrogen-bonded to a number of
residues spanning the distance between Asp132 and Glu286 as
indicated in Fig. 1b. The detailed arrangement and number of these
water molecules vary between the different structures of the same
oxidase and between oxidases from different species, but they are
clearly resolved in all structures determined to date at sufﬁcient
resolution (Fig. 2). Furthermore, as observed by Ferguson-Miller and
colleagues, structural changes in the water pathway may arise from
changes in the redox state of the enzyme [14] (see also [42]). There is
no visible proton connection between Glu286 and the catalytic site,
but presumably the distance is spanned by a number of water
molecules that are not resolved in the CytcO crystal structures.
During CytcO turnover both substrate protons and protons that are
eventually released to the p-side (“pumped protons”) are transferred
from Asp132 to Glu286, which is a transient acceptor–donor within
the pathway [43,44]. The pKa of Glu286 is highly elevated from its
solution value. Results from kinetic experiments (discussed in detail
below) gave a value of 9.4, while FTIR data suggest an even higher
value [45–47]. Results from theoretical calculations also suggest a
signiﬁcantly elevated Glu286 pKa [48–53], even without assuming a
speciﬁc dielectric constant of the local medium [54]. The Glu286
residue is a branching point within the D pathway from where
protons may be transferred either to the catalytic site or to a “pump
site”, which is a protonatable residue or group of residues transiently
binding a proton that is eventually released to the p-side. The pump
site is assumed to control the access of protons to the two sides of the
membrane thereby enabling unidirectional transfer of the pumped
protons from the n to the p-side of the membrane. The identity of the
pump site has not been established but it is presumably located above
the hemes [55] and likely candidates are His 334 (a CuB ligand, not
shown in Fig. 1b) and the heme (in particular heme a3) propionates,
which have attracted speciﬁc attention [10,54,56–72] (see also [25]).
2. Catalytic turnover
As discussed above, during CytcO turnover electrons and protons
are added one-by-one to the catalytic site and in each step, one proton
is pumped across the membrane [5] (Fig. 3, follow the black arrows
around the circle). Because in each catalytic cycle four electrons are
needed to reduce one O2 molecule, a number of distinct steps can be
identiﬁed in the reaction. These are described in the followingdiscussion. We start with the oxidized CytcO, which is denoted O0,
where the superscript indicates the number of electrons transferred to
the catalytic site (zero means that both heme a3 and CuB are oxidized,
i.e. Fea3
3+ and CuB2+). Transfer of the ﬁrst and second electrons to the
catalytic site result in formation of states E1 and R2 (Fea3
2+ and CuB+),
respectively, each associated with proton uptake to the catalytic site
and pumping [73]. In the R2 state, O2 binds to heme a3 [74] after which
the O–O bond is broken [75,76]. This reaction is not linked to any
proton uptake from solution and, protons and electrons are only
relocated locally within the catalytic site [77] resulting in oxidation of
heme a3 and CuB to form Fea3
4+=O22− (Fea3
2+→Fea3
4+, donates two
electrons) and CuB2+ (CuB+→CuB2+, donates one electron), respectively
[75,76]. In addition, one electron (and a proton) is transferred from
residue Tyr288, located within the catalytic site, which forms a tyrosyl
radical, Tyr288• [78], and structural changes occur in the vicinity of the
catalytic site [79]. In the next step an electron is transferred to the Tyr
radical, accompanied by proton uptake from the n-side solution to
form state F3 and proton pumping [73,80]. Finally, the last electron is
transferred to the catalytic site, also accompanied by proton uptake
from the n-side forming stateO4 and proton pumping [6,81,82]. When
considering the oxidation state of the catalytic site, the O4 state is
equivalent to O0 as the enzyme becomes fully oxidized when four
electrons have been transferred to O2. However, when considering the
very ﬁrst turnover of CytcO, the O0 and O4 states may display
structural differences as discussed in more detail in [5].
During reduction of the catalytic site, in each of the steps O0→E1
and E1→R2, one proton is taken up through the K pathway to the
catalytic site and another proton is taken up, presumably through the
D pathway, to the pump site. As indicated above, after binding of O2 to
the catalytic site in state R2, in each of the steps P2→F3 and F3→O4,
both the substrate and pumped protons are transferred through the D
pathway, i.e. in each of these reactions, two protons are transferred
through the D pathway. It is presently not known how proton access
through the two pathways is regulated, such that the K pathway is
only open during reduction of the catalytic site, but not during its
oxidation. Results from a recent computational study indicate that this
proton access may be controlled by the redox state of CuB linked to
changes in the proton afﬁnity of the Tyr288 residue [83]. Furthermore,
very recent X-ray structural data from the Ferguson-Miller laboratory
indicate that the control may be accomplished through changes in the
water structure in the vicinity of the catalytic site [14].2.1. Reaction of the reduced CytcO with O2
During CytcO turnover (as described in the previous section),
when electrons are added one-by-one to O2, the rate-limiting step is
presumably the reduction of the catalytic site. Thus, using an
experimental approach where electrons are transferred from an
external donor to the catalytic site when studying CytcO, it is difﬁcult
to investigate speciﬁc proton-transfer reactions linked to O2 reduc-
tion. An alternative method is offered owing to the ability of heme a3
to bind CO (see, for example [84]), which competes with O2 binding.
In this approach the enzyme is reduced by four electrons (all metal
centers reduced) and then CO is added, which binds to the reduced
heme a3. The reduced CytcO–CO complex is mixed with an O2-
containing solution in a stopped-ﬂow apparatus. The reaction with O2
is now very slow because it is limited by the CO-off rate, which in the
dark displays a time constant1 of 30–60 s. Immediately after mixing
(at a time ≪30 s), the CO ligand is removed by means of a short
(typically a few ns) laser ﬂash, which allows O2 to bind to the reduced
heme a3 and react (Fig. 3, follow the blue arrows from state R2
(obtained upon dissociation of CO) to O4(0)). The use of this approach,
called the ﬂow-ﬂash technique, showed that O2 binding displays a
Fig. 2.Water molecules (red spheres) of the two proton pathways D and K in different CytcO structures available in the Protein Data Bank (PDB). (a) R. sphaeroides CytcO, PDB code
1M56. (b) R. sphaeroides CytcO, PDB code 2GSM. (c) R. sphaeroides CytcO in the fully reduced state, PDB code 3FYE. (d) P. denitriﬁcans CytcO, PDB code 3HB3. (e) Bovine heart CytcO in
the fully oxidized state, PDB code 2ZXW. (f) Bovine heart CytcO in the fully reduced state, PDB code 2EIJ. All ﬁgures were prepared using the program PyMOL Molecular Graphics
System [160].
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gives a time constant of ∼10 µs (R2→A2 transition). In the same way
as in the turnover reaction described above, in the ﬁrst step after O2
binding, the O–O bond is split and the heme a3 iron donates two
electrons (Fea3
2+→Fea3
4+) while CuB donates one electron (CuB+→CuB2+).
Because in this case one electron resides at the reduced heme a, in the
vicinity of the catalytic site, already at the initiation of the reaction,
the fourth electron is taken from this site rather than from the Tyr288
residue and the Tyr residue only donates a proton [86,87] (although it
cannot be excluded that the Tyr288 residue acts as a transient
electron donor, which is then immediately re-reduced by heme a,
[63]). The state that is formed is called P3 (or PR), where the
superscript “3” indicates the 3rd electron transferred to the catalytic
site from heme a. The P3 state is formed with a time constant of
∼40 µs [77,85], i.e. signiﬁcantly faster than the P2 state (τ≅200–
300 µs, [77,88]). Up to this point there is no proton uptake from the
solution [82] and the change in free energy during the R2→P3
reaction is very small [89,90]. Next, a proton is transferred through
the D pathway [28,43] to CuB2+–OH- [86], which results in formation
of state F3 where a water molecule is coordinated to the copper. In
addition, the electron originally residing at CuA equilibrates with
heme a resulting in fractional (∼50%) reduction of the heme [28] (not
shown in Fig. 3). Furthermore, the P3→F3 reaction step is linked to
proton pumping across the membrane [6,7], where the proton to be
pumped is also transferred through the D pathway, i.e. two protons
are transferred in this step. All these reactions display a time constant
of ∼100 µs at pH 7 (see below for a more detailed discussion).
In the ﬁnal reaction step the electron in the CuA–heme a
equilibrium is transferred to the catalytic site, which is accompaniedby proton uptake through the D pathway forming the oxidized CytcO,
state O4, with a time constant of ∼1.5 ms at pH 7 [28,91,92]. Also the
F3→O4 reaction is linked to proton pumping [6,7,93], i.e. two protons
are transferred through the D pathway in this step.
We note that the P3 state is unique in the sequence of reactions
because the electron transfer into the catalytic site (to form P3) is not
accompanied by proton uptake from the solution, i.e. there is an
excess negative charge at the catalytic site in the P3 state compared to
all other states. The state appears only in the reaction of the four-
electron reduced CytcO with O2 when all electrons are “preloaded”
into the CytcO prior to initiation of the reaction— it is formed only as a
consequence of electron transfer from heme a to the catalytic site that
is faster than the following proton uptake (to form state F3). Under
normal turnover, electron transfer into the CytcO is slower (N100 µs)
than proton transfer through the D pathway (τ≅100 µs) such that the
electron and proton arrive at the catalytic site simultaneously, thereby
keeping the net charge of the catalytic site at a constant level (c.f.
black arrows in Fig. 3).
3. Functional principles of a proton pump
General mechanistic properties of proton pumps such as CytcO
have been discussed in detail previously [29,94–100] Here, we give a
short summary of the most important features.
In order to transfer protons across the membrane a pump must
embody a proton-transfer pathway, which spans the distance between
the n- and p-sides of the membrane. However, to prevent short-
circuiting of the electrochemical gradient, that ismaintainedbyCytcOas
well as the other respiratory-enzyme complexes, it is important that
Fig. 3. The catalytic cycle of CytcO. The superscript indicates the number of electrons
transferred to the catalytic site. The electrons (e−) and protons at the arrows (in green)
are those transferred to the catalytic site, while the protons indicated by arrows (in red)
perpendicular to the reaction arrows indicate pumped protons. Y is Tyr288 (see text)
where Y⁎O indicates a tyrosyl radical. The oxidized state is O4(0) (see text). When both
heme a3 and CuB are reduced (R2), O2 binds to form state A2 after which the reaction
proceeds as described in the text. The pathway along the black arrows indicates the
reaction during turnover of the enzyme when electrons are added one-by-one to the
catalytic site. The reaction pathway along the blue arrows is that observed during
reaction of the fully reduced CytcO (with four electrons) with O2. Here, after binding of
O2 to heme a3 (to form state A2), an electron is transferred to the catalytic site (to form
P3) before the proton is transferred to the catalytic site (to form F3). Note that in state
P3 there is an excess negative charge as compared to the other states.
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rates of proton-transfer reactions are strongly dependent on distance,
one possibility to control the reaction is to introduce a “gate” in the
protein, which would alternate the proton access allowing proton
transfer to one side of the membrane at a time, but never both sides
simultaneously. The gate could be a physical unit such as, for example,
one or several amino-acid residues that alter between two different
positions or conﬁgurations. In addition, proton translocation across the
membrane requires a protonatable site, referred to above as the pump
site, which changes its protonation state depending on the state of the
gate. A proton would be moved across the membrane if the pKa of the
pump site is high (compared to the pH sensed by the pump sitewhen in
contact with the n-side) when the gate is open to the n-side, while it is
low (compared to the pH sensed by the pump sitewhen in contact with
the p-side) when the gate is open to the p-side.
In addition to the design and thermodynamic properties discussed
above, the timing of proton transfer is important. First we note that as
soon as the electron and substrate proton reach the catalytic site in a
speciﬁc step of the reaction cycle then the free energy associated with
the reaction is no longer available to pumping. Accordingly, in most
models describing the proton-pumping machinery of CytcOs the
proton to be pumped is transferred to the pump site before transfer of
the substrate proton to the catalytic site (case (i)). Here, transfer of a
pumped proton to the acceptor site would be triggered, for example,
by an internal electron transfer to heme a or between the hemes (e.g.
[13,59,63,101–103]) and then the substrate proton would be
transferred to the catalytic site upon reduction of the site. This
scenario has also been evaluated considering the energetics of the
process [54,65]. Alternatively, transfer of the substrate proton may
occur ﬁrst, but it must then be linked to a reaction, such as e.g. a
structural change, that conserves the free energy (for example by
changing the pKa of a protonatable group involved in protonpumping) (case (ii)). The transfer of the pumped proton would
then be triggered by the structural change [97,104].
The situation in CytcO is complicated by the fact that the proton is
both the substrate of the reaction that drives pumping (i.e. protons are
consumed during O2 reduction), and the ion that is translocated by
the pump. In addition, both the substrate and pumped protons are
transferred through the same (D) pathway up to the Glu286 residue
from where the former are transferred to the catalytic site while the
latter are transferred to the pump site.When considering the ﬁrst case
above (case (i)), the pumping stoichiometry would be determined by
the relative rates of proton transfer from Glu286 to the pump site and
to the catalytic site, where the ﬁrst reaction must be much faster than
the latter. In the second case (case (ii)) where transfer of the substrate
proton to the catalytic site is linked to a structural change, proton
transfer to the pump site must be much faster than the relaxation of
the structure to the initial state and the pumping stoichiometry is
determined by the relative rates of these events. In this context we
note that the proton-pumping stoichiometry does not necessarily
have to display an integer value— any value in the range zero to one is
possible and would be determined by the relative rates of proton
transfers or, proton transfers and structural changes as discussed
above.
4. Structural changes in CytcO
The discussion above shows that studies of structural changes in
CytcO are relevant for understanding the proton-pumping mecha-
nism and identifying the structural elements involved in pumping. In
this context we note that altering a proton-transfer rate by several
orders of magnitude may be achieved by changing the distance of a
proton-transfer reaction by only a few Ångström (depending on the
protein dynamics) [105]. Consequently, relatively small structural
changes may be sufﬁcient to achieve efﬁcient proton gating. Results
from FTIR studies have shown that the Glu286 side chain (or
protonatable groups interacting with the Glu) may adopt different
positions or experience changes in the environment depending on the
ligation or redox states of the hemes and CuB [46,106–114].
Furthermore, a comparison of X-ray crystal structures of the
Glu286Gln and wild-type CytcOs showed that structural changes
around the Glu are linked to structural changes and relocation of
water molecules around the heme a3 D-propionate [2,104]. Results
from hydrogen/deuterium exchange MS experiments showed that
transitions between partially reduced oxygen intermediates are
orchestrated with opening and closing of speciﬁc proton pathways
[115,116]. In a recent study, Ferguson-Miller and colleagues found
that water molecules within or near the proton pathways move,
linked to redox reactions in the enzyme [14]. Furthermore, Yoshi-
kawa, Tsukihara and colleagues have observed structural changes
proposed to be involved in proton gating in the mitochondrial CytcO
[21,117].
5. Internal proton transfer through the D pathway
As discussed above, the catalytic cycle of CytcO presumably
comprises four steps in which protons are pumped across the
membrane. During turnover, each of these steps involves electron
transfer and substrate proton transfer to the catalytic site as well as
the uptake and release of protons that are pumped. As already
mentioned above, in all four steps protons that are pumped are taken
up through the D pathway and in the P2→F3 (and P3→F3) and
F3→O4 reaction steps also the substrate protons are taken up through
the D pathway to the catalytic site. The Glu286 residue has been
shown to act as a transient proton donor–acceptor in this pathway.
Even though in the normal situation Glu286 is only transiently
deprotonated (i.e. it is rapidly reprotonated) upon proton transfer to
the catalytic site, the Glu286 may remain in the deprotonated state if
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Asp132 residue to Asn or Ala) [43,44]. The observation that Glu286
may be found in its deprotonated state is important because it shows
that the D pathway can accommodate a negative charge, at least if the
positive charge (proton) is transferred from the residue to a site
(catalytic site) 10–15 Å away.
The reaction that has provided most information about the
mechanism of proton transfer through the D pathway is the P3→F3
step (see Figs. 3 and 4). As described above, the P3 state is formed by
direct electron transfer from heme a with a time constant of ∼30 µs
and the proton-transfer reaction, which deﬁnes the P3→F3 reaction,
is slower (τ≅100 µs) such that it can be studied separately. As already
mentioned above, detailed studies of the pH dependence of the
P3→F3 transition in wild-type and structural variants of the CytcO
indicate that proton transfer from the solution to the catalytic site
proceeds in two steps; proton transfer from Glu286 to the catalytic
site with a time constant of ∼100 µs is followed by rapid (b100 µs)
reprotonation of the Glu from the solution [118]. The model is thus
that the Glu286 is in rapid (b100 µs) equilibrium with the solution
and the overall proton-transfer rate is determined by the internal
proton transfer from the Glu to the catalytic site (∼100 µs) (Fig. 4).
The P3→F3 rate is essentially pH independent at low pH (∼6–8.5) and
then the rate decreases with increasing pH such that the pH
dependence could be ﬁtted to a Henderson–Hasselbalch equation
with a pKa of 9.4 [118]. Hence, the P3→F3 rate constant can be written
as follows:
kPF = αEHkH =
kH
1 + 10pH−pKE286
ð3Þ
where αEH is the fraction of protonated Glu286, pKE286 is its pKa (9.4)
and kH is the proton-transfer rate from Glu286 to the catalytic site
(1.1·104 s−1) [118].
In reality the situation is more complicated than the scenario
modeled by Eq. (3) because in the P3→F3 transition two protons are
transferred through the D pathway via Glu286, one to the catalytic site
and one to the pump site. Both these proton transfers display a time
constant of ∼100 µs (k≅104 s−1, at pHb8) [6,8]. Nevertheless, it
appears that the transfer of the substrate proton to the catalytic site is
the rate-limiting reaction as suggested by results obtained with the
Asp132Asn mutant CytcO. In this structural variant, proton uptake
from the n-side is blocked such that the turnover activity is 3–4% of
that in wild-type CytcO and proton pumping is lost [9] (see also [119]
for earlier results with the quinol oxidase cytochrome bo3 from E. coli).
Yet, proton transfer from Glu286 to the catalytic site displayed theFig. 4. The sequence of proton-transfer reactions during the P3→F3 transition. After electro
Glu286 to the catalytic sitewith a rate constant, kH, of 104 s−1 (τ=100 µs) (at neutral pH). The
In the wild-type CytcO the overall P3→F3 rate, kPF, is 104 s−1.same time constant in this mutant CytcO as in the wild-type CytcO, i.e.
∼100 µs [43,118]. Thus, it appears that the overall rate of the P3→F3
reaction in the wild-type CytcO, including uptake and release of the
proton that is pumped, is determined by proton transfer from Glu286
to the catalytic site [6].
For the F3→O4 transition the sequence of proton-transfer
reactions is presumably the same as for the preceding P3→F3.
However, the situation is more complicated in the case of the F3→O4
reaction because, in addition to proton uptake to the catalytic site and
proton pumping, it involves also electron transfer to the catalytic site
(in contrast to the P3→F3 transition which only involves the proton-
transfer reactions). The pH dependence of the F3→O4 transition
titrates with two pKa values; 8.9 and b6.3 [69,91,92]. The higher pKa
most likely reﬂects the protonation state of Glu286 (c.f. pKa 9.4 in the
P3→F3 transition), while the lower pKa is presumably associated with
protonation of a cluster composed of Arg481 and the heme a3 D-ring
propionate [69].
6. Effects of structural alterations within the D pathway
A number of different studies with bacterial CytcOs have shown
that mutations of residues in the D pathway result in either slowed
proton uptake to the catalytic site or impaired proton pumping, or
both [9,31,119–133]. Some of these mutant CytcOs are discussed in
more detail below and the data are summarized in Table 1.
6.1. Introduction of charged residues in the D pathway
One structural alteration that results in uncoupling of proton
pumping from O2 reduction is the replacement of Asn139 by an Asp
residue. The site is located near the n-side of the membrane, near
Asp132 and ∼20 Å from Glu286 (Fig. 1b). Introduction of the acidic
residue in the P. denitriﬁcans CytcO did not slow the catalytic activity,
i.e. the O2-consumption rate was the same as that with the wild-type
CytcO [125]. With the R. sphaeroides CytcO the activity was even
higher thanwith thewild-type CytcO [120]. Yet, themutation resulted
in complete uncoupling of the pump, i.e. the catalytic O2 reduction
was not linked to proton pumping. With the R. sphaeroides CytcO the
P3→F3 rate was the same as with the wild-type CytcO (1.1·104 s−1)
[122]. The only distinguishable functional difference as compared to
the wild-type CytcOwas a shift in the pKa in the pH dependence of the
P3→F3 transition from 9.4 to ∼11, i.e. an increase in the Glu286 pKa
[122].
Interestingly, removal of another acidic residue, Asp132, in the
Asn139Asp mutant CytcO (Asn139Asp/Asp132Asn double mutantn transfer to the catalytic site to form the P3 state, a proton is initially transferred from
Glu is then reprotonated from the solution, via Asp132,with a rate constant of N104 s−1.
Table 1
Kinetic and thermodynamic parameters associated with proton transfer through the D pathway. We consider the data given below the thick line to be less reliable than
those above the line because in the former case the interpretation was not unique.
aThe maximum measured rate from Glu286 to the catalytic site (CS).
bThe proton-transfer rate through the D pathway to Glu286.
cThe apparent (i.e. determined from kinetic experiments) pKa of Glu286 (see text).
dThe proton-pumping stoichiometry.
eThe catalytic turnover number (TN) in % of that of the wild-type CytcO.
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thoughnoneof the singlemutants pumps protons, in thedoublemutant
CytcO proton pumping was fully restored [134], similarly to earlier
results obtained with the bo3 ubiquinol oxidase mutant CytcOs [132].
Because the two residues Asp132 and Asn139 are located near each
other and the changes in charge correlated with the pKa changes, we
speculated that the Glu286 pKa shift could be due to only electrostatic
interactions between the 132/139 sites and Glu286. However, as
discussed below, other effects are also likely to be involved.
Qualitatively similar results to those obtained with the Asn139Asp
singlemutant CytcOwere also obtained upon introduction of an acidic
residue at Asn207 [127], which is located very close to Asn139
(Asn207Asp mutant CytcO, see Table 1). The mutant CytcO displayed
an activity of 95% (55% with the P. denitriﬁcans CytcO [125]). Also in
this case the pKa of Glu286 was elevated to a value above 11 [127].
Also an introduction of an acidic residue at position 204
(Glu204Asp mutation) resulted in uncoupling of proton pumping
form O2 reduction. However, in this case the CytcO turnover activity
was very low (∼2% of that of the wild-type CytcO) [121].6.2. Introduction of non-charged residues in the D pathway
In the cases described above, charged residues were introduced in
the D pathway and the effects of these alterations could be
conveniently explained in terms of the changes in charge (see
below). However, surprisingly there are also cases where replace-
ments of non-charged residues by other non-charged residues in the
D pathway result in uncoupling of proton pumping from O2 reduction.
One such mutant CytcO that was studied in detail is that in which
Asn139 was replaced by a Thr [123]. The structural alteration resulted
in decreased activity to 40% of that in wild-type CytcO and proton
transfer through the D pathway was slowed at pH 7.5. However, this
decrease was only apparent because the rate increased with
decreasing pH reaching the same value as that found with the wild-
type CytcO at pH values below pH ∼7 [123]. In other words, the lower
activity at pH 7 could be entirely attributed to a decrease in the
Glu286 pKa, which was found to have a value of 7.6 in the Asn139Thr
structural variant. Also results from an earlier study with the P.denitriﬁcans CytcO showed that replacement of Asn139 by a Val
residue (Asn131 in the P. denitriﬁcans CytcO) resulted in uncoupling of
proton pumping from O2 reduction. However, that mutant CytcO
displayed an activity of only 6% of that of the wild-type CytcO. These
results obviously exclude the possibility that the uncoupling is due to
changes in charge within the D pathway. Furthermore, because the
observed decrease in the Glu286 pKa in the Asn139Thr mutant CytcO
cannot be due to electrostatic interactions, we speculate that also in
the Asn139Asp mutant CytcO the pKa change is, at least in part,
attributed to other effects, although a additional contribution from
electrostatic interactions cannot be excluded. As discussed in detail
below, we explain these pKa shifts in terms of changes in water
structure around Glu286.6.3. Structural changes around a water cluster near Glu286
To further investigate the link between changes in the D pathway
structure and proton pumping, we recently studied the effect of
mutations closer to the Glu286 residue. Just below this residue (∼7 Å)
there is a cluster of four water molecules hydrogen-bonded to
residues Ser200 and Ser201 (see Fig. 1b). This cluster has been
proposed to deﬁne a “proton trap” region [135–137]. Early studies of
the Ser201Ala mutant CytcO showed that it displays 50% activity,
linked to proton pumping [133]. Replacement of both Ser200 and
Ser201 by Val (Ser200Val/Ser201Val double mutant CytcO) resulted
in slowed proton transfer from Glu286 to the catalytic site by a factor
of ∼50 and the pH dependence of the P3→F3 transition was lost,
interpreted as an increase in the Glu286 pKa to a value N12 (Lee et al.,
unpublished data). Yet, the double mutant CytcO pumped protons,
although with a stoichiometry of 50% of that of the wild-type CytcO
(Lee et al., unpublished data).
Replacement of the Tyr33 residue, located just below the above-
mentioned water cluster (Fig. 1b), by a His residue resulted in
uncoupling of proton pumping from O2 reduction and loss of the pH
dependence of the P3→F3 transition, consistent with a pKa shift of
Glu286 to a value N11 [138]. Also in this case the proton-transfer rate
from Glu286 to the catalytic site was slowed (by a factor of ∼6).
However, in the Tyr33His mutant CytcO also proton transfer through
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complicates the interpretation of the data as uncoupling may be the
result of either the slowed reprotonation of the Glu or linked to the
Glu286 pKa change (see detailed discussion below).
Another CytcO structural variant in which the properties of the
internal proton donor Glu286 were altered was one in which the
residue was moved such that the carboxyl group is located at about
the same position in space but anchored at a different transmembrane
helix [139,140]. In this Glu286Ala/Ile112Glu double mutant CytcO,
proton transfer from the Glu(112) to the catalytic site was
signiﬁcantly slowed, the Glu pKa was lowered to a value b6, but the
structural variant pumped protons, although with a stoichiometry of
60% of that of the wild-type CytcO [139,140]. These mutant CytcOs are
discussed in more detail below.
6.4. Slowed proton uptake and proton pumping — structural alterations
at the oriﬁce of the D pathway
It has been suggested that uncoupling of proton pumping in e.g.
the Asn139Asp mutant CytcO may be due to slowed proton transfer
through the D pathway [60] (see also [52]). Because in this mutant
CytcO the observed proton-uptake rate from the solution, through the
D pathway, to the catalytic site is the same as in the wild-type CytcO,
the step that is slowed must be an internal proton-transfer reaction
that is not rate limiting for the overall process [60]. Consequently, it is
relevant to discuss other cases where the observed proton transfer into
the D pathway is signiﬁcantly slowed and the effect of the retardation
on the proton-pumping stoichiometry. First, we note that when
proton uptake from the solution lags behind deprotonation of Glu286
(∼104 s−1 in the wild-type CytcO), the model described by Eq. (3)
cannot be used (that model assumes a rapid proton equilibrium
between the solution and Glu286). In such cases the P3→F3 rate is
expected to be pH independent and display a rate that is characteristic
of proton transfer from Glu286 to the catalytic site (kPF=kH, c.f.
Eq. (3)) [118].
We ﬁrst discuss structural variants of the Asp132 residue. In the
Asp132Asn/Ala mutant CytcOs the turnover activity is only 3–4% of
that of the wild-type CytcO [9]. In the Asp132Asn and Asp132Ala
mutant CytcOs proton uptake to the D pathway is slowed by factors of
N5000 (∼2 s−1) [91] or N2000 (5 s−1) [41], respectively, and the
mutant CytcOs do not pump protons [9] (see also [119]). In these
cases the lack of proton pumping can most likely be conveniently
explained in terms of the slowed proton uptake, whichwould result in
slowed protonation of the pump site or slowed reprotonation of
Glu286. This interpretation is supported by the observation of a
respiratory-control ratio of b1 in the Asp132Ala mutant CytcO
[141,142], which is indicative of proton uptake from the (wrong) p-
side of the membrane in the presence of a membrane potential [141].
Furthermore, as already mentioned above, when studying the
reaction of the reduced enzyme with O2, in these mutant CytcOs the
reaction stops after the formation of the F3 state (see Fig. 4) [41,43,44],
which requires proton transfer to the catalytic site. This proton is
taken internally from the Glu286 residue with the same rate as in the
wild-type CytcO (1.1·104 s−1) [41,43,118] and the extent of F3
formation does not change up to pH ∼10, which means that the
Glu286 pKa in the Asp132Asnmutant CytcOmust be at least as high as
in the wild-type CytcO (9.4). Also with the Glu204Asp mutation the
CytcO activity was very low (∼2%), this activity was not coupled to
proton pumping and the respiratory-control ratio was b1 [121]. In
other words, the functional behavior of the Glu204Asp mutant CytcO
was very similar to that of the Asp132Asn/Ala mutant CytcOs.
Another case where proton uptake into the D pathway is slowed is
in CytcO without SU III [3,31,39,40]. Here, the retardation of proton
uptake is most likely caused by a removal of a number of SU III
residues that surround the D pathway oriﬁce and normally facilitate
proton uptake [38,41]. Also in this case proton uptake into the Dpathwaywas slowed by a factor of N30 (τ≅3 ms), but the F3 state was
formed with approximately the same time constant as with the wild-
type CytcO (∼1·104 s−1), i.e. proton transfer from Glu286 to the
catalytic site was not affected [38]. Furthermore, the extent of F3
formation did not decrease up to pH 10, which means that the Glu286
pKa must be at least as high as with the wild-type CytcO (9.4). Despite
the dramatically slowed proton-uptake rate into the D pathway, the
two-subunit (SUs I and II) CytcO pumps protons with a stoichiometry
of ∼65% of that of the wild-type CytcO [39].
Also addition of Zn2+ ions results in slowing proton uptake by
CytcO due to binding near the proton pathways [117,143,144] and in
some cases binding may depend on the redox state f the enzyme
[145]. Results from kinetic studies of proton uptake in the presence of
Zn2+ showed that the proton-uptake rate through the D pathwaywas
slowed by a factor of N25 to ∼2.5 ms, while proton transfer from
Glu286 to the catalytic site was slowed only by a factor of ∼2.5 to
250 µs [146,147]. In the presence of Zn2+, the CytcO pumps protons
[142] (but see [148]) but, the average proton-pumping stoichiometry
was lower (∼50%) than without Zn2+ [142]. Furthermore, results
from kinetic studies showed that proton pumping was observed only
for the F3→O4 transition, which is consistent with the absence of
proton uptake over the time scale of the P3→F3 transition [149].
Taken together, these data show that even if proton uptake to the
D pathway is slowed such that the observed proton-transfer rate is
signiﬁcantly slowed, proton pumping may still take place. In other
words, the proton-pumpingmachinery appears not to be dramatically
affected by a slowing in the proton-uptake rate even by a factor of ∼30
(65% proton pumping in CytcO without SU III). Consequently, a
slowing in proton transfer via e.g. the 139 site (e.g. in the Asn139Asp
or Asn139Thr mutant CytcOs) such that the observed proton-uptake
rate is not affected cannot explain the lack of proton pumping in these
structural variants of the CytcOs. It appears that only if proton uptake
is slowed to such an extent (factor N2000) that proton uptake from
the “wrong”, p-side of the membrane competes with proton uptake
from the n-side through the D pathway, then proton pumping is
impaired (c.f. Asp132Asn/Ala and Gln204Asp mutant CytcOs).
6.5. Structure–function of uncoupled mutants
Initial results from computational studies by Warshel and
colleagues suggested that the uncoupling of proton pumping in the
Asn139Asp mutant CytcO may be due to stabilization of the proton at
a water molecule near Glu286 such that the energetic barrier for
proton transfer to the pump site would be increased [150] (see also
[65]). This effect would result in slowed proton transfer to the pump
site without affecting the proton-transfer rate to the catalytic site, i.e.
the proton-pumping stoichiometry would be lowered. Results from
more recent calculations indicate that the Asn139Asp mutation
instead changes the relative heights of the proton-transfer barriers
to the pump site and the catalytic site, respectively, which would also
be manifested in a lower pumping stoichiometry [54,65].
In another theoretical analysis of the effect of the Asn139Asp
mutation, Xu and Voth [136] found that deprotonation of Asp139 (a
transient intermediate during proton transfer through the D path-
way), results in an energetic barrier for proton transfer to Glu286 at
the “proton trap”water cluster discussed above [135,137]. Pomès and
colleagues suggested that the Asn139 residue, together with water
molecules surrounding the site, is involved in gating proton transfer
to Glu286 [52]. Perturbation in this region of the protein would result
in either slowing proton transfer to Glu286 or elimination of the gate
[52], which would explain the uncoupling of proton pumping in
mutant CytcOs at the Asn139 site, as well as at nearby sites (also in
mutant CytcO in which non-protonatable residues were introduced
[52]). Also Wikström and Verkhovsky suggested that the lack of
proton pumping in e.g. the Asn139Asp mutant CytcO may be due to
slowed proton transfer to Glu286 [60](but see above).
Fig. 5. Two putative positions of the Glu286 side chain (the E1 position is that found in
the X-ray crystal structure, while the E2 position is randomly modeled to indicate a
different position). According to the scenario discussed in the text, proton transfer from
Glu286 to e.g. the catalytic site can only take in the E2 position, while reprotonation of
the side chain from the n-side solution only takes place in the E1 state.
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determined by the relative proton-transfer rates from Glu286 to the
catalytic site and the pump site, respectively. These rates are
presumably dependent on the local environment of the Glu286, not
only because changes in the environment would alter the proton
connectivity, but more importantly because the Glu286 presumably
has to isomerize during the transfer. Such an isomerization would be
sensitive to any changes in the hydrogen-bonding pattern of the Glu.
A structural isomerization of the Glu286 side chain, linked to proton
transfer was originally proposed by Iwata et al. [10] based on an
inspection of the P. denitriﬁcans CytcO crystal structure (because of the
lack of protonic connectivity between the Glu and the catalytic site or
the pump site). This proposal is supported by results from theoretical
calculations [50,151–155], which suggested that Glu286 conforma-
tional isomerization may be involved in proton gating. Results from
more recent computational studies suggested that Glu286 may
function as a proton valve, which can adopt distinct conformations
thereby controlling the proton connectivity to solution, the catalytic
site and the pump site [156,157]. However, as pointed out byWarshel
and colleagues [54], an isomerization of a side chain by itself cannot
establish a gate (because of microscopic reversibility). Nevertheless,
changes in the equilibrium constant between the Glu286 conformers
are expected to result in proton leaks that would decrease the proton-
pumping stoichiometry [157].
In an FTIR study Gennis and colleagues noted that the Glu286
environment was altered in the Asn139Asp and Asn207Asp mutant
CytcOs [131] (see also similar, more recent FTIR data with the P.
denitriﬁcans CytcO [158]). In addition, the structure of the Asn139Asp
mutant CytcO from P. denitriﬁcans indicated changes in the water
structure around the 286 site [158]. Related to these observations and
the above-described theoretical studies are the results from a recent
determination of the structures of the reduced and oxidized forms of
the R. sphaeroides CytcO. In this study Ferguson-Miller and colleagues
found that in the oxidized CytcO a water molecule resides in the
hydrophobic region above Glu286 [14]. The water molecule was
suggested to facilitate the proton connectivity to the catalytic site or to
the pump site. In the structure of the reduced CytcO this water
molecule was not present, which would imply disruption of the
proton connectivity from Glu286, suggesting a mechanism for
controlling the proton-transfer rate from Glu286 to an acceptor site
[14]. Also this control mechanism would be susceptible to any
alterations in the water structure around the Glu286 site thereby
inﬂuencing proton transfer to the pump and the catalytic sites. Results
from theoretical studies indicate that the water molecules around
Glu286 signiﬁcantly affect both the equilibrium and dynamics of the
Glu side chain [156], which would indicate that any mutation
resulting in changes in the water structure around the Glu would
have an effect on the apparent pKa of the residue (see also below).
7. Summary of data and model
The above discussed data can be summarized as follows:
(i) Proton pumping may take place even if proton transfer from
Glu286 to the catalytic site is dramatically slowed (e.g.
Ser200Val/Ser201Val structural variant).
(ii) Proton pumping may be completely impaired even though the
observed proton-transfer rate through the D pathway is not
affected (in the Asn139Asp/Thr and Asn207Asp structural
variants).
(iii) In all cases known where the rate through the D pathway is
unaltered, but proton pumping is impaired, the pKa of Glu286 is
shifted either to lower or higher values than that of the wild-
type CytcO (9.4) (c.f. Asn139Asp, Asn207Asp, Asn139Thr).
However, the pKa value itself appears not to be directly related
to the ability to pump protons as there are cases where the pKais shifted, but proton pumping is maintained (c.f. Ser200Val/
Ser201Val, Glu286Ala/Ile112Glu).
To explain these observations we speculate that the mutations
discussed above result in changes in hydrogen-bonding (water)
structure around Glu286. We also assume that the protonated
Glu286 side chain has to move in order to transfer a proton to an
acceptor — it can adopt two different positions E1 and E2, and proton
transfer to an acceptor can take place only from position E2 (Fig. 5).
Furthermore, the pKas of the side chain are assumed to be different
in these two positions (see also [52,53,156]). It should be pointed
out that the assumptions here are only qualitative and any
quantitative discussion of the proton connectivity between two
sites requires consideration of the energetics of the process in the
presence of the proton [54].
ThepKa values inpositionsE1 andE2 couldbealtered asa result of the
mutations, either due to changes in hydrogen bonding or, in the case of
mutations that involve an alteration in charge, also due to electrostatic
effects. Pomès and colleagues found that in cases where charged
residues are introduced at e.g. the Asn139 site the Glu286 pKa may shift
by the experimentally observed value [53]. However, results from other
theoretical calculations, performed by Michel and co-workers, indicate
that the electrostatic interactions between Asp139 (in the Asn139Asn
mutant CytcO) and Glu286 are relatively small [50]. Also Warshel
concluded that the electrostatic interactions must be small [150]. For
simplicity, we neglect the effect of electrostatic interactions on the
Glu286 pKa because we generalize the scenario to include also mutants
inwhichnon-charged residues are introduced in theDpathway. In cases
where charges are introduced or removed, electrostatic effectswouldbe
added on top of the effects discussed below.
We postulate that the main effect of changes in the Glu286
hydrogen bonding is a change in the equilibrium constant between
positions E1 and E2, which would be manifested as an observed pKa
change (this is illustrated quantitatively in detail below). Further-
more, this change in equilibrium constant between E1 and E2, together
with the altered water structure would modulate the kinetics of
proton transfer such that the relative rates of proton transfer to the
catalytic site (kH,CS) and to the pump site (kH,PE) would be modiﬁed.
Such a change in the relative rates would result in altering the
pumping stoichiometry (see section “Functional principles of a proton
Fig. 6. (a) The fraction protonated state E2, [E2H] as a function of pH assuming the pKa
values: pKa1=7 and pKa2=11 for different combinations of K1 and K2 as indicated. The
apparent pKa, pKapp, deﬁned as [E2H]max=[E2H](pH→−∞)/2 is also shown. (b) The
apparent pKa value, pKapp, and themaximum fraction E2H, [E2H]max, as a function of the K1
value for pKa1=7 and pKa2=11 (solid black and dashed red lines, respectively). (c) The
maximum fraction E2H, [E2H]max as a function of pKapp.
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explain the link between a change in the apparent pKa of Glu286 and a
diminished proton-pumping stoichiometry because the pKa change
would reﬂect changes in the E1–E2 equilibrium constant and
consequently the relative values of kH,CS and kH,PE. However, we
note that even if the hydrogen-bonding pattern around Glu286 is
altered (and thereby the apparent Glu286 pKa is altered due to a
change in the E1–E2 equilibrium) such that kH,CS and kH,PE are slowed
dramatically, proton pumping may still take place if the kH,PE/kH,CS
ratio is maintained at a favorable value (i.e. kH,PE is sufﬁciently larger
than kH,CS) (c.f. the Ser200Val/Ser201Val double mutant CytcO). In
other words, uncoupling of proton pumping would always be linked
to a change in the observed Glu286 pKa, but this pKa may be altered
even if proton pumping is maintained.
In this context it is also interesting to note that Huang et al. [159]
found that the nature of the proton acceptor (c.f. pKa) at the catalytic
sitemay determine the proton-pumping stoichiometry. Such a change
in the acceptor pKa may also alter the proton-transfer rate to the
catalytic site, kH,CS, resulting in an unfavorable kH,PE/kH,CS value.
7.1. Model
To illustrate the principle of the model discussed above in
quantitative terms, we assume two states (two different positions of
Glu286), E1 and E2 as outlined above. In each of these states Glu286
can be either protonated (E1H and E2H) or deprotonated (E1− and E2−).
Proton transfer to the catalytic site can only take place from one of
these states, i.e. E2H. Furthermore, the pKas of Glu286 are different in
the two states, pKa1 and pKa2.
(4)
where the arrow labeled “pT” indicates proton transfer from state E2H
to the catalytic site (CS).
The equilibrium constants are deﬁned as:
K1 =
E2H½ 
E1H½ 
ð5aÞ
K2 =
E−2½ 
E−1
  ð5bÞ
10pH−pKa1 =
E−1½ 
E1H½ 
ð5cÞ
10pH−pKa2 =
E−2½ 
E2H½ 
ð5dÞ
E−1½  + E1H½  + E−2½  + E2H½  = 1: ð5eÞ
Assuming a rapid equilibrium between the different states, the
proton-transfer rate, kH,CS (equal to kPF (see Eq. (3))) is determined by
the fraction state E2H, [E2H]:
kH;CS = kH;max⋅ E2H½  ð6Þ
where kH,max is the maximum proton-transfer rate with 100%
occupied state E2H.
E2H½  =
K1
1 + K1Þ + 10pH 10−pKa1 + K110−pKa2
  ð7Þwhere the relation between the four equilibrium constants is:
10 pKa2−pKa1ð Þ =
K1
K2
: ð8Þ
We assume that mutations within the D pathway lead to changes
in the equilibrium constant between E1 and E2 but that the pKa values
pKa1 and pKa2 remain the same as in the wild-type CytcO. We make
this assumption only to illustrate the principle. In reality each of the
different mutations are likely to affect also the pKa1 and pKa2 values to
some extent. Furthermore, we consider a simple proton transfer from
the donor Glu286, via a chain of water molecules, to a single acceptor,
the catalytic site. This is presumably the case in the non-pumping
mutant CytcOs discussed here. In cases when proton pumping does
take place two protons are transferred, one to the catalytic site and
one to the pump site. Presumably, the proton transfer to the catalytic
site is rate limiting in these cases (see above).
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ΔpKa between the two Glu286 positions is similar to that obtained
from earlier computational studies [156]. For K1=102 (which gives
K2=10−2) the fraction of E2H titrates as shown in Fig. 6a, i.e., the
apparent pKa (pKapp) is 9. Increasing the value of K1 to 104 results in an
increase in pKapp to 10.7, while a decrease in the value of K1 to 1
results in a decrease in pKapp to 7.3 (we deﬁne pKapp as the pH at
which the fraction E2H is 50% of the maximum value). As seen in
Fig. 6b pKapp approaches pKa1 with decreasing K1 while with
increasing K1 values it approaches pKa2. We also note that a decrease
in the K1 value results in a decrease in themaximum population of E2H
at low pH ([E2H]max) (see Fig. 6a, [E2H]max as a function of K1 is shown
in Fig. 6b). Because we assume that the proton-transfer rate from
Glu286 to the catalytic site is proportional to this fraction, in our
example the maximum rate would decrease for K1 values below 10.
This model shows that the observed pKa value of Glu286, pKapp, could
either increase or decrease by altering the equilibrium constants
between states E1 and E2, even though the actual pKa values in these
states remain unchanged.
The apparent pKa value, pKapp (deﬁned as the 1/2 of the maximum
value of [E2H]) as a function of K1 is shown in Fig. 6b:
pKapp = − log
10−pKa1 + K110
−pKa2
1 + K1
 !
: ð9Þ
As shown in Fig. 6ab the maximum value of [E2H] decreases with
decreasing K1, whichmeans that it decreases with decreasing pKapp (c.f.
Fig. 6b) as is illustrated in Fig. 6c.
The discussion above shows that the apparent pKa obtained from a
measurement of the proton-transfer rate to the catalytic site as a
function of pH may change due to changes in the environment of the
internal proton donor, Glu286, without altering the actual pKa values
of the residue in the two different positions. As already mentioned
above, in the different mutant CytcO we also have to consider
electrostatic interactions as well as direct effects on pKa1 and pKa2 as a
result of changes in the hydrogen-bonding pattern around the Glu.
These effects would then contribute to further modulating pKapp in
the different mutant CytcOs.
8. Summary
In this paper we summarize data from measurements of
thermodynamic and kinetic parameters associated with proton
transfer in a number of mutant CytcOs in which the proton-pumping
stoichiometry is altered. We speculate that the link between changes
in the pumping stoichiometry and the apparent pKa value of the
internal proton donor Glu286 is a consequence of structural changes
that regulate the proton-transfer rates to the catalytic site and
acceptor site of pumped protons. Furthermore, we present a model
that quantitatively provides a link between structural changes of the
Glu286 side chain, changes in the apparent pKa of Glu286 and
uncoupling of proton pumping from O2 reduction.
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